Purpose: This study investigated the potential of collagen-coated polyglycolic acid (PGA) tube with interpositional jump graft (IPJG) in rat.
mouth. For this reason, various techniques for facial nerve reconstruction have been developed and applied (Ghali, MacQuillan, & Grobbelaar, 2011; Lee, Hurvitz, Evans, & Wirth, 2008; Terzis & Tzafetta, 2009) . One technique for facial nerve reconstruction is hypoglossal-facial nerve interpositional jump graft (IPJG) with end-to-side neurorrhaphy. IPJG is a nerve grafting technique that gives axonal "supercharge" by augmenting the weakened facial nerve with a signal from the hypoglossal nerve by bridging those nerves with an autologous nerve (May, Sobol, & Mester, 1991; Ueda et al., 2007; Yamamoto et al., 2007) . However, an autologous nerve of approximately 5-7 cm in length is required for IPJG in clinical practice (May et al., 1991) . Use of an artificial nerve-conduit for IPJG offers various advantages such as the reduction of operating time and prevention of postoperative complications and sequelae including nerve disorders and scarring at the donor site. In a previous study, a technique for end-to-side neurorrhaphy with a silicone artificial-nerve conduit is reported, and IPJG is performed by this technique in rat facial paralysis model. The report shows a first study histologically and electrophysiologically confirming that the technique produces axonal supercharge through a bidirectionally regenerated nerve in the silicone tube filled with type 1 collagen (Niimi et al., 2015) . However, being non-bioabsorbable, silicone tubes are unable to be used clinically in patients with incomplete facial paralysis. Therefore, for aiming the future clinical application of this technology, this study investigated the feasibility and effectiveness of bioabsorbable artificial nerve conduits that is covered by health insurance for performing IPJG. Thus, the aims of this study were (1) to test whether it is possible to achieve axonal supercharge through a regenerated nerve by IPJG in a rat facial paralysis model using a collagen-coated polyglycolic acid (PGA) tube that is used clinically for other purposes, and (2) to compared the histological and physiological findings of IPJG performed by the technique with the collagen-coated PGA tubes to those by a nerve autograft technique currently used clinically.
| M A TE RI A L S A ND M E TH ODS
A total of 16 Lewis rats were used in this study (8 weeks old, CLEA Japan, Tokyo). The rat anesthetized with 4% isoflurane through a nasal mask that was connected to a Univentor 400 Anesthesia Unit (Univentor, Zejtun, Malta), and placed in a right lateral decubitus position (Sasaki, Matsumine, Watanabe, Yamato, & Ando, 2013) . All animal experiments were carried out in accordance with the "Principles of Laboratory Animal Care" of the Tokyo Women's Medical University Animal Experimentation Committee.
| Preparation of bioabsorbable artificial nerve conduit
As an artificial nerve conduit, this study used collagen-coated PGA tubes (Nerbridge) (Toyobo, Osaka, Japan), which was approved for clinical use in 2013 in Japan.
Collagen-coated PGA tube consisted of an internal portion, which contained medical-grade collagen (NMP Collagen PS) (Nippon Meat Packers, Osaka), and the outer surface surrounded with bioabsorbable PGA fiber.
Collagen-coated PGA tubes with an internal diameter of 1 mm were cut into 10 mm length under a sanitary condition. Two 1.5-mm incisions were made at both ends of the tube for nerve insertion (Figure 1A) . The tubes were soaked in saline for 30-60 minutes before neurorrhaphy.
| Surgical procedure
A preauricular incision with a marginal mandibular extension was made on the left side under anesthesia. The facial nerve trunk, the hypoglossal nerve, and the greater auricular nerve were identified with a microscope (M651) (Leica Microsystems, Wezlar, Germany), and incomplete facial paralysis was made with a ligature clip (LIGACLIP ® MCA) (Ethicon Endo-Surgery, Ohio) ( Figure 1B ). Untreated rats that had only the ligatured facial nerve trunk were prepared as the control ( Figure 1B ). Conventional IPJG was also performed by collecting a 7-mm-long portion of the greater auricular nerve taken from the same side ( Figure 1C ).
IPJG was performed by the end-to-side neurorrhaphy of the facial nerve trunk to the hypoglossal nerve with a collagen-coated PGA tube ( Figure 1D ). After epineural windows in the facial nerve trunk and hypoglossal nerve were created, end-to-side neurorrhaphy was performed for each nerve with the nerve conduit by mattress suturing at 2 locations with a 9-0 nylon (Nescosuture) (Alfresa, Osaka). Details are provided in the figure legends ( Figure 2 ). All steps were performed carefully, because collagen-coated PGA tubes are quite fragile. The bridge distance after suturing was 7 mm. Histological findings of the transplanted nerves were compared between the autograft and nerve conduit groups, and the physiological findings were also compared among the 3 groups at 13 weeks after surgery.
| Experimental design
The rats were divided into 3 groups. For Group one (the nerve conduit group, n 5 6), IPJG was performed with a collagen-coated PGA tube between the facial nerve trunk and the hypoglossal nerve. For Group two (the autograft group, n 5 6), IPJG was performed with the greater auricular nerve taken from the same side of the face. Group 3 (the control group, n 5 4) was non-treated-model rats with facial paralysis.
The gross exam of the regenerated nerve at postoperative week 13.
The gross exam of the regenerated nerve at postoperative week 13 revealed that the autograft group had numerous thick epineural blood vessels in the superficial layer of epineurium-like regenerated tissue ( Figure 3A ). The nerve conduit group absorbed PGA tubes completely, and thin epineural blood vessels were readily found in scar-like tissue ( Figure 3B ).
Compound muscle action potential (CMAP) measurements of the facial mimetic muscles.
For confirming nerve function, CMAP was measured as described previously . 15 rats (control group, n 5 4; the autograft group, n 5 5; nerve conduit group, n 5 6) were anesthetized with urethane at a dose of 1.2 g/kg body weight intraperitoneally and placed on a stereotaxic apparatus (SR-6N) (NARISHIGE, Tokyo). The rectal temperature of rat was maintained at 35-368C by a temperature controller (40-90-8D) (FHC, Bowdoin, ME). Anesthetic stage was maintained by injecting a low dose of urethane with observing the lack of facial mimetic muscle movement and eyelid reflex. CMAP amplitude, duration, and latency data were obtained by methods described in the previous report .
| Toluidine blue staining and analysis of regenerated nerves
After the rats were deeply anesthetized with sodium pentobarbital, the control and transplanted nerves were surgically taken. The middle part of the separated nerve sample was subsequently examined. Nerve specimens were prefixed with 2% glutaraldehyde (Distilled EM Grade) (EM Science, Gibbstown, NJ), 2% paraformaldehyde, and 0.1 mol/L cacodylate buffer (Wako Pure Chemical, Osaka), and postfixed with 2% osmium tetroxide and 0.1 mol/L cacodylate buffer before being embedded in Quetol-812 resin (Nisshin EM, Tokyo), which was polymerized at 608C for 2 days. The specimens embedded in polymerized resin were cut into approximately 1.5-lm-thick sections with a glass knife, and the sections were heat-stained with 0.5% toluidine blue.
Myelinated fibers in the cutting surface of the middle part, which was apart 3.5 mm from the proximal end of the transplanted autograft or regenerated nerves in tube, were counted.
| Transmission electron microscopy (TEM) analysis of the regenerated nerves
The specimens embedded in polymerized resin were cut into 70-nm sections, which were mounted on grids (EM fine-grid F-200) (Nisshin FIG URE 2 Schematic drawings of end-to-side neurorrhaphy with a collagen-coated polyglycolic acid (PGA) tube as a nerve conduit end-toside neurorrhaphy is shown in a step-by-step manner from illustration A-H. A, An S-shaped incision (blue line) was made from behind the left ear to the lower margin of the mandible. B, For inserting nerves at both ends of collagen-coated PGA tube, sharp 1.5-mm incisions were made by a scalpel at both ends of the tube (length: 10 mm, diameter: 1 mm). Both ends of the tube were slightly expanded for easily suturing. C, After epineural windows in the facial nerve trunk and hypoglossal nerve were created, neurorrhaphy was performed as follows. First, a 9-0 nylon suture was passed from the external margin of the posterior wall of the tube (pink side) into the lumen. D, Then, the suture was allowed to pass from the epineural window through the epineurium toward the outside. The suture was then passed again from the outside of the epineural window through the epineurium into the lumen, from the lumen of the tube toward the outside, and left in place without a ligature. Then, the tube was rotated 1808 vertically. E, The anterior wall of the tube (green side) was sutured by the same procedure for the posterior wall. The anterior and posterior wall sutures were carefully stretched. F, The facial nerve trunk was allowed to insert into the incision initially created in the tube. G, The facial nerve trunk was confirmed to be firmly inserted into the tube, and ligatured with 2 sutures. The hypoglossal nerve was sutured following the same procedures. H, PGA nerve conduit was transplanted in the animal 
| Statistical analysis
Numerical data are expressed as means 6 SD. Data values in 2 groups were compared by unpaired t-test. The probability <.05 (P< .05) was considered significant. Statistical analysis was performed with GraphPad Prism version 6.00 for Windows (GraphPad Software, La Jolla, CA).
| RE S U L TS

| CMAP recordings of the facial mimetic muscles
CMAP physiological function tests showed that electrical stimulation for the buccal branch of the facial nerve caused the contraction of innervated facial mimetic muscles in the control group (n 5 4) ( Figure   FIG URE 4 Compound muscle action potential (CMAP) analysis of the facial mimetic muscles. CMAP recording charts showed that the electrical stimulation of the buccal branch giving the contraction of innervated facial mimetic muscles in the non-treated control (A), the autograft (B), and the collagen-coated polyglycolic acid (PGA) nerve conduit groups (C). As a result, (D) the amplitude of the control was found to be significantly lower than those of the autograft and nerve conduit groups. E, No significant differences in duration among 3 groups. F, Latency of the nerve conduit group was significantly shorter than those of the autograft and the control groups. Statistical analysis was performed by unpaired t-test, and asterisks (*) indicate the probability less than .05 (P < .05). n.s., non-significant
4A), autograft group (n 5 5) ( Figure 4B ), and nerve conduit group (n 5 6) ( Figure 4C ). Although no significant difference in amplitude between the autograft (4706 6 1154 mV) and the nerve conduit groups (4119 6 1397 mV), the amplitude values of both groups were significantly higher than that of the control group (915 6 789 mV) (P < .05) ( Figure 4D ). No significant different in duration among the autograft group (1.21 6 0.75 ms), the nerve conduit group (1.71 6 0.57 ms), and the control group (1.76 6 0.36 ms) ( Figure 4E ). Latency of the nerve conduit group (1.7 6 0.34 ms) was significantly shorter than those of the autograft (2.58 6 0.85 ms) and the control groups (3.39 6 0.97 ms) (P < .05). No significant difference in latency was found between the autograft and the control groups ( Figure 4F ).
| Toluidine blue staining and analysis of regenerated nerves
The regeneration rate at postoperative week 13 was 100% in both the autograft groups and the nerve conduit. Toluidine blue stained specimens revealed that (1) regenerated nerves in the autograft group had a dense myelin sheath ( Figure 5A ) and (2) nerves in the nerve conduit group were surrounded by scar tissue with no inflammatory cells and the regeneration of the myelin sheath in the central portion ( Figure   5B ). The mean number of myelinated fibers in the autograft group (1957 6 775) was found to be significantly higher than that of the nerve conduit group (90 6 41) (P < .05; Figure 5C ).
| TEM analysis of the regenerated nerves
Transmission electron microscopy observation of regenerated nerves showed that (1) the myelin sheath of regenerated nerves in the autograft group was thick, dense, and annular ( Figure 6A ,C) and (2) a thin, annular myelin sheath in the nerve conduit group ( Figure 6B ) with numerous maturing myelinated axons ( Figure 6D ). The mean fiber diameter, axon diameter, and myelin thickness of the regenerated nerves in the autograft group were 5.07 6 2.28, 3.61 6 1.88, and 0.72 6 0.27 lm, respectively, and these data were significantly higher than those in the nerve conduit group, which were 3.18 6 1.03, 2.68 6
1.001, and 0.24 6 0.05 lm, respectively (P < .05; Figure 7A -C). The gratio (axon/fiber diameters) in the autograft group (0.69 6 0.08) was significantly lower than that in the nerve conduit group (0.82 6 0.05) (P < .05; Figure 7D ).
| Retrograde tracing of facial and hypoglossal motor neurons
Retrograde tracing at postoperative week 13 showed that DiO-positive innervating neurons, which expressed green color, were mixed with 
| D ISC USSION
Although several studies investigate nerve regeneration with a bioabsorbable artificial nerve conduits having various designs and materials (Clavijo-Alvarez et al., 2007; Matsumine, Sasaki, Yamato, Okano, & Sakurai, 2014; Toba et al., 2002) , there is no report describing nerve regeneration by connecting the both ends of conduit with nerves by end-to-side neurorrhaphy. New beneficial points in this study were (1) perfect nerve regeneration obtained by end-to-side neurorrhaphy with a bioabsorbable artificial nerve conduit without failure, (2) the recovery of the mimetic muscles treated by collagen-coated PGA tubes similar to those with autograft in the CMAP test, (3) the confirmation of 2-way traffic regenerated nerve in collagen-coated PGA tube. In other words, this study developed a new reconstructive surgery for treating facial nerve paralysis with collagen-coated PGA tubes based on an axonal supercharge concept. In addition to those points, this study also
The toluidine-blue stained cutting section of regenerated nerves at 13 weeks after surgery and the statistics of number of myelinated fibers. A, Toluidine-blue stained section of autograft nerve. Scale bar: 100 lm. B, Toluidine-blue stained section of nerve in the collagen-coated polyglycolic acid (PGA) conduit. Scale bar: 50 lm. C, Number of myelinated fibers of autograft regenerated nerves were found to be significantly higher than those of regenerated nerves in the collagen-coated PGA conduit. Statistical analysis was performed by unpaired t-test, and the asterisk (*) indicates the probability less than .05 (P < .05)
confirmed that the double innervation of the mimetic muscles by the facial nucleus and hypoglossal nucleus through retrograde tracing (Fujiwara et al., 2007; Isaacs, Cheatham, Gagnon, Razavi, & McDowell, 2008; Yamamoto et al., 2007) . In this study, the length of nerve gap in PGA nerve conduit groups was shorter than that of clinical IPJG with a nerve-gap length of 50-70 mm (May et al., 1991) , and this shorter nerve gap was allowed the extrapolating of the experimental findings to clinical practice to be difficult.
An artificial nerve conduit, named NeuroTube (Synovis Life Technologies, St. Paul, MN) and made from PGA, is currently used in the United States, and the conduit is known to be effective mainly for regenerating the sensory nerves such as the digital nerve (Mackinnon & Dellon, 1990; Weber, Breidenbach, Brown, Jabaley, & Mass, 2000) .
Quite few reports regarding the clinical use of the conduit for the facial nerve (Navissano, Malan, Carnino, & Battiston, 2005) . Although both
NeuroTube and collagen-coated PGA tube used in this study are made from PGA, the latter tube containes freeze-dried collagen, which could become a scaffold for enhanceing the regeneration of nerves. Collagen is an adequate material for regenerating nerves, because collagen only produces mild inflammation in the body without inhibiting nerve regeneration (Kitahara et al., 1999; Pertici, Laurin, F eron, Marqueste, & Decherchi, 2014) . Collagen coating the tube outer surface could reduce inflammation between the host tissue and the tube, while collagen also plays a role as a scaffold for regenrerating nerves (Yoshii & Oka, 2001) .
Although many studies on end-to-side neurorrhaphy with an autologous nerve, only study on end-to-side neurorrhaphy with an artificial nerve conduit is the authors' previous study (Niimi et al., 2015) , in the report, because producing nerve regeneration with end-to-side neurorrhaphy at both ends of an artificial nerve conduit requires highly refined microsurgical skills. Therefore, in this study, a procedure realizing the easy and reliable neurorrhaphy of artificial nerve conduit and grafted nerve was developed. This technique had 3 advantages: (1)
Transmission electron microscope (TEM) observations of interpositional jump grafts (IPJGs) with autograft and a collagencoated polyglycolic acid (PGA) conduit at 13 weeks after surgery. A, The regenerated myelin sheaths were found in the autograft nerve. B, In the regenerated nerve in the collagen-coated PGA conduit, the myelin sheaths were annular and somewhat smaller than those of the autograft nerves. C and D, are the expanded photographs in (A) and (B), respectively. In the nerve of collagen-coated PGA conduit (D), numerous maturing myelin sheaths (arrow) were also observed. Scale bar in the upper (A and B) and lower (C and D) rows indicate 5 lm and 500 nm, respectively
widening the epineural window at both ends, (2) allowing the epineural window exactly to face the lumen of collagen-coated PGA tube, and (3) fixing the collagen-coated PGA tube securely to the autologous nerve.
These advantages gave favorable nerve regeneration (Niimi et al., 2015) . Therefore, this technique and experimental model used in this study potentially could be applied to the investigation of the mechanism of collateral sprouting found in end-to-side neurorrhaphy (Viterbo, Amr, Stipp, & Reis, 2009; Zhang, Soucacos, Bo, & Beris, 1999) .
Although the numbers of animals in 3 groups might be insufficient as a possible weak points of this study, this study found statistical significances between the CMAP amplitude and latency
FIG URE 7
Statistics of myelinated fibers and axons found in the regenerated nerves of the autograft and collagen-coated polyglycolic acid (PGA) groups. A, Fiber diameter, (B) axon diameter, and (C) myelin thickness of autograft regenerated nerves were found to be significantly higher than those of regenerated nerves in the collagen-coated PGA conduit. On the other hand, (D) g-ratio of the autograft regenerated nerves was significantly lower than that of regenerated nerves in the collagen-coated PGA conduit. Statistical analysis was performed by unpaired t-test, and asterisks (*) indicate the probability less than .05 (P < .05) values of the control and PGA nerve conduit groups. Since the amplitude of the nerve conduit group in CMAP measurement was found to be similar to that of the autograft group, the innervated facial mimetic muscles was confirmed to recover satisfactorily, and the transplanted collagen-coated PGA tube contained not only regenerated myelinated fibers but also a motor unit of maturing myelinated fibers without obvious myelin sheaths, which enhanced the nerve signal to the buccal branch to preserve signal transmission with preventing atrophy of the mimetic muscles and preserving their function (Maathuis, Drenthen, Visser, & Blok, 2011) . In this study, the histological results found the status of 
